Significant challenges remain in the development of optimized control techniques for intelligent wells, particularly with respect to properly incorporating the impact of reservoir uncertainty. Most optimization methods are model-based and are effective only if the model can be used to predict future reservoir behavior with no uncertainty. Recently developed schemes, which update models with data acquired during the optimization process, are computationally very expensive.
Introduction
Intelligent (or smart) wells are equipped with downhole sensors to monitor well and reservoir conditions and with valves to control the inflow of fluids from the reservoir to the well (Robison 1997) . This combination of monitoring and control technology has the potential to significantly improve oil recovery (Algeroy et al. 1999; Glandt 2005) . However, considerable challenges remain in the formulation of control strategies to operate the valves during production, particularly when there is uncertainty associated with the reservoir description.
Inflow control to a well can be "passive" or "active" (Jansen et al. 2002; Kharghoria 2002) . Passive control may be effective if the reservoir geology and drive mechanisms are well understood so that inflow can be predicted with confidence using reservoir and well models, and if the predicted inflow does not change significantly with time during production. The well can then be configured so that hydrocarbon production (or some other objective function) is maximized, by optimizing the inflow profile along the well using fixed control devices sized prior to installation (e.g., Brekke and Lien 1994; Permadi et al. 1997) .
Active control is facilitated by the adjustable inflow control valves (ICVs) installed in intelligent wells. The settings of these valves can be varied to optimize the inflow profile along the well in response to monitoring data obtained from downhole sensors and to the predictions of reservoir and well models. Active control can be either "reactive" or "proactive" (Kharghoria et al. 2002; Yeten et al. 2004; Aitokhuehi and Durlofsky 2005; . Reactive strategies change the settings of ICVs in response to adverse changes in flow-such as the arrival of unwanted fluids-measured within the well or the adjacent reservoir.
Proactive (also termed "defensive") strategies change the settings of ICVs in response to changes in flow measured or predicted in the reservoir at some distance away from the well. The advantage of proactive control is that potential problems, such as the approach of unwanted fluids, can be mitigated before they impact production from the well. The management of water or gas displacement fronts to prevent early breakthrough-by balancing inflow along the length of a well-is a typical example of proactive control (Armstrong and Jackson 2001; Sinha et al. 2001; Jansen et al. 2002; Kharghoria et al. 2002; Braithwaite et al. 2004; Glandt 2005; .
The challenge for both reactive and proactive control strategies is to determine the optimal response of the ICVs at the well. This is a difficult problem, as the optimal response is typically well-and reservoir-specific and varies through time Yeten et al. 2004; Aitokhuehi and Durlofsky 2005; Naus et al. 2006) . Even for a single well, it is not clear how to balance the often conflicting demands of short-term production optimization against the long-term optimization of recovery or net present value (NPV) (Naus et al. 2006 ). The problem is even more challenging for cases involving multiple wells, or if the location and number of ICVs is included in the overall optimization problem (Yeten and Jalali 2001) .
Despite these challenges, a range of control techniques has been used to optimize production from simulated intelligent wells which shows that both reactive and proactive control strategies may add significant value in many reservoir and production settings (Brouwer et al. 2001; Yeten and Jalali 2001; Yeten et al. 2004; Aitokhuehi and Durlofsky 2005; Sarma et al. 2005a; Naus et al. 2006) . However, a common problem is that these control techniques rely on the predictions of reservoir and well models to identify the optimal well response. Yet reservoir models are always uncertain to some degree. It is risky to develop a control strategy based on the predictions of a model that is unlikely to capture the true reservoir behavior. Even historymatched models can lack predictive value, especially at the temporal and spatial resolution required to optimize inflow to a well (e.g., Tavassoli et al. 2004; Carter et al. 2006) .
Recent studies recognize the problem of incorporating reservoir uncertainty in the optimization workflow Yeten et al. 2004; Aitokhuehi and Durlofsky 2005; Sarma et al. 2005b; Naus et al. 2006) . They suggest that the reservoir model should be periodically updated using data measured at the well, and that the updated model should be used to identify the optimum response of the well over a fixed time interval, prior to the next model update. However, even these updated models may have limited predictive value, leading to poor control decisions. Moreover, if the models are highly nonunique, it is necessary to optimize over an ensemble of models, which is computationally expensive (Aitokhuehi and Durlofsky 2005) . As yet, model-based optimization techniques have only been applied to simulated production cases. They have not been demonstrated in a real field application.
Incorporating reservoir uncertainty is still a challenge in the formulation of active control strategies to operate intelligent wells. Yet one significant advantage of these wells should be that they can respond to, and mitigate, the adverse impact on production of unexpected behavior resulting from an uncertain understanding of the reservoir. For example, it is very common for wells to experience earlier than predicted breakthrough of displacing fluids such as water or gas, caused by geological heterogeneity not captured in the reservoir model. In a reactive control strategy, the completion at which breakthrough has occurred can be identified using downhole sensors and flow into that completion reduced or shut-off. In a proactive strategy, the encroaching fluids need to be detected before they arrive at the well (Kharghoria et al. 2002; Bryant et al. 2004; Jackson et al. 2005; Saunders et al. 2006) .
In this paper, we apply a pragmatic approach to the management of intelligent wells. Our aim is to investigate whether simple reactive control strategies, based on a feedback loop between ICV settings and surface or downhole measurements, can enhance production and mitigate reservoir uncertainty if they are designed to work across a range of production scenarios. It is well known that inflow control can add value in production scenarios where the displacement front reaches the well at different times along the well length. This can occur, for example, during commingled production from multiple reservoir layers or compartments, as a result of permeability heterogeneity within a single reservoir, or because of coning or cresting of the displacement front towards the well (Brouwer et al. 2001; Sinha et al. 2001; Jansen et al. 2002; Kharghoria et al. 2002; Glandt 2005; Naus et al. 2006) . We propose simple reactive strategies to control early breakthrough in cases such as these.
We assess the implementation of an intelligent horizontal well in a high-productivity, thin oil rim reservoir in the presence of reservoir uncertainty. Early water or gas breakthrough is a significant risk in reservoirs of this type, and it has been shown in several studies that intelligent completions can add value by balancing inflow along the well (Sinha et al. 2001; Jansen et al. 2002; . However, these studies used model-based optimization techniques rather than the simple feedback approach adopted here; moreover, they did not consider the impact of reservoir uncertainty.
We consider three controlled production strategies against an uncontrolled base case. The first control strategy is a simple passive approach using a fixed control device (FCD) to balance inflow along the well, sized prior to installation. The second and third control strategies are reactive, employing two ICVs which can be controlled from the surface. The second strategy opens or closes the ICVs according to well water cut and flow rate and individual downhole rate and phase measurements obtained from a surface multiphase flowmeter and alternating zonal well tests. The third strategy proportionally chokes the ICVs as increased completion water cut is measured using downhole multiphase flowmeters.
A cost-benefit analysis demonstrates that reactive control strategies always yield a neutral or positive return, whereas a passive strategy can yield negative returns if the reservoir is poorly understood. Simple reactive control strategies enhance production and mitigate reservoir uncertainty, but may not deliver the optimum possible solution.
Model Formulation

Reservoir Model
The simple, conceptual reservoir model used in this study represents a thin oil rim in a sandstone reservoir containing interbedded, laterally discontinuous shale barriers that reduce the effective vertical permeability ( Fig. 1a; Table 1 ). A zone of high vertical permeability represents a region where the shale barriers are absent. This conceptual model was used in an earlier study (Raghuraman et al. 2003) and is a much-simplified representation of a thin oil rim reservoir in Indiana, U.S.A. (Bryant et al. 2002) . The base case reservoir model has a zone of high vertical permeability which is 700 ft wide and an active aquifer of 4,500 stb/d/psi. These parameters are later varied in an uncertainty analysis.
The reservoir model measures 6,000 (length) by 3,100 (width) by 100 (thickness) ft and contains 2,500 active gridblocks. The top of the reservoir is located at a depth of 6,000 ft and the oil-water contact at a depth of 6,100 ft. The initial reservoir pressure is 3,600 psia (Table 1) . A major simplification is that we neglect the effect of the gas cap; the model contains only water and undersaturated oil. Strictly speaking, the model represents a thin oil column underlain by an active aquifer rather than a thin oil rim. However, neglecting the gas cap does not affect the main conclusions and future work will include both gas and water influx towards the production well. For simplicity, no capillary pressure effects are included and we assume that the oil and water phases are incompressible. 
Reservoir and Well Flow Simulation
Production was simulated using a horizontal well with a length of 2,800 ft and a tubing ID of 6 in. (Fig. 1; Table 2 ). The horizontal section of the well was located 35 ft below the top of the oil column. We expected the approaching water front to break through earlier at the "heel" of the well, partly because of higher pressure drawdown at the heel and partly because the zone of high vertical permeability allows water influx from the underlying aquifer (Fig. 1a) . Consequently, the well was completed in two sections, one close to the heel and the other close to the toe, so inflow along the well could be balanced (Fig. 1b) . Selecting the number and location of completions is itself an optimization problem and we have chosen here to use a pragmatic approach based on basic reservoir and production engineering considerations. This may not yield the optimal configuration.
Production was simulated using a commercial reservoir and well flow simulator (Schlumberger 2007) . Production scenarios utilized a multisegment well model (Holmes et al. 1998; Holmes 2001) , which divides the wellbore and any lateral branches into one-dimensional segments, including representation of control devices as separate segments (Fig. 1c) . Each segment has its own set of independent variables to describe the local flow conditions. 
Production Strategy
Production was simulated under fixed surface liquid rate control of 10,000 stb/day, with a minimum bottomhole pressure (BHP) limit of 1,500 psia. As an additional production constraint, the well was shut in once the water cut, measured at the wellhead, exceeded 25%. This low water-cut limit represents field cases with restricted water production handling facilities (e.g., Arnold et al. 2004) . It also allows us to compare the performance of different conventional and intelligent production strategies before a workover would typically be implemented in a conventional well to reduce water production. We considered four different downhole well configurations. The first consists of two conventional completions and represents the "uncontrolled" base-case against which the "controlled" production cases are compared. The second has one fixed FCD installed downhole in the completion closest to the heel of the well, which is sized to balance inflow along the length of the well. The third and fourth well configurations are equipped with downhole sensors and one ICV in each completion, to measure and react against unfavorable downhole flow changes (Fig. 1b) . These configurations employ either simple on/off ICVs or more sophisticated ICVs that open and close proportionally to the water cut measured at the completion.
Fixed flow control
The fixed flow control strategy employs one fixed control device installed in the completion closest to the heel of the well (Fig. 1a) . Flow control devices regulate the inflow profile along a horizontal well by imposing an additional pressure drop between the sand face and the tubing (Fig. 2a) . This pressure drop is adjustable prior to deployment (e.g., Brekke and Lien 1994; Permadi et al. 1997; Jansen et al. 2002) . We modeled the FCD as a subcritical valve (Fig. 2b) , located between the annulus and tubing sections of the completion (Fig. 1b) . The valve was sized by simulating production over a relatively short period of 12 months using the base case reservoir model (Fig. 1a) . The optimum size was selected by maximizing an objective function given by
where WOPT denotes the total oil production, WWPT the total water production, and C W is a cost conversion factor with a value of 0.04 BOE/bbl water ( Table 2 ). The optimal FCD setting obtained from the base-case model remained fixed in all reservoir realizations. (JacksonNielsen and Tips 2003) . We opened or closed these ICVs based on interpretations of wellhead water-cut measurements and downhole flow measurements (Fig. 3) . The technical capability to implement this operational strategy is available today. Measurements of water cut at the well-head trigger a "smart" workover, which differs from a conventional workover because the ICVs allow the intelligent completions to be opened or closed remotely from the surface. Production from other producing zone(s) is not interrupted and a workover rig is not required, so these cash-intensive operations are avoided (Table  2) . Operating on/off ICVs allows the flow rate of each phase through each completion to be determined through "well testing by exception" and "online well tests," in which each completion is analyzed in isolation by selectively opening individual ICVs and measuring wellhead pressure and multiphase flow rates (Akram et al. 2001; Gai 2001; Paino et al. 2004) .
A smart workover is triggered when the wellhead water cut exceeds an arbitrarily low value of 8%. Production is stopped for one month while a zonal well test is conducted to determine the water production of each completion. If water production is greater in the completion located at the heel of the well, then this completion is closed; if water production is greater from the completion at the toe, then it is assumed that choking can no longer improve recovery so both completions are opened and the well is produced until it violates one of the production constraints. When the smart workover is complete, the well is reopened and not checked again for six months. Note that production from the well is reduced during these workovers. Fig. 1a) .
Proportional flow control
The proportional control strategy employs more technically advanced intelligent completions equipped with continuously variable ICVs that have an "infinite" number of valve settings (Williamson et al. 2000) , and multiphase downhole flowmeters that can measure the flow rate of each fluid phase in each completion (Kragas 2003a (Kragas , 2003b Webster et al. 2006) . A simple feedback loop chokes back production from each downhole completion as the measured completion water cut increases using a relationship of the form
where ΔP c is the pressure drop across the ICV for a given choke setting, ΔP o is the pressure drop when the ICV is fully open, WCT is the completion water cut, and A, B and c are constants that are specific to the production case (Yeten et al. 2002) . The values of these constants can be optimized using a simulation model, although the resulting values are unlikely to be optimal if the reservoir does not behave as predicted. We selected values using the base case reservoir model (Fig. 1a) and maximizing Equation (1). These values remain fixed in all reservoir realizations (Fig. 4) . It should be noted that this control strategy is not yet commercially available. Real-time downhole multiphase flow measurements have not been applied in closed-loop workflows; currently, an operator interprets these measurements and production control decisions are made separately at a later stage (Webster et al. 2006 ). (Fig. 1a) .
Objective Function
Our aim is to estimate the incremental return generated by the extra investment for each control strategy. We use a customized objective function to measure and compare their performance at the end of simulated production, given by
where WOPT is the total oil produced, C G is a gas value conversion factor, WGPT is the total gas produced, C W is a water cost conversion factor, WWPT is the total water produced, and W cinit is the initial well cost. The resulting value of the well WNPV is calculated in units of equivalent barrels of oil at surface conditions (BOE). This approach allows us to perform a comparative analysis without embarking on complex economic calculations. We assume that the technology cost depreciation rate over time is of similar magnitude to a correspondent discount rate (inflation). We also define an additional parameter, termed the Incremental Return generated by Extra Investment (IREI), to compare the performance of each control strategy per unit incremental cost. The IREI term is calculated in units of equivalent barrels of oil gained for each extra equivalent barrel of oil invested. For example, an IREI of 10 yields a profit of 10 equivalent barrels of oil for each extra equivalent barrel of oil invested.
We modified the operating costs (Table 2 ) from earlier studies (Algeroy et al. 1999; Raghuraman et al. 2003; Arnold et al. 2004; Poel and Jansen 2004) . The initial investment expenditure for the conventional horizontal well is summarized in Table 3 . Different downhole control strategies incur distinct extra development costs, shown in Table 4 . The "proportional" control strategy is the most expensive, while the "fixed" strategy is the cheapest. 
Base Case Model Predictions
We begin by simulating production from the base case reservoir model (Fig. 1a) and comparing the different control strategies. As expected, the conventional, uncontrolled production strategy yields early water breakthrough at the completion closest to the heel of the well (Fig. 5a) , partly because of the higher drawdown at the heel and partly because of the higher vertical permeability adjacent to the heel (Fig. 1a) . The well is shut in after approximately 2 years of production when the water-cut limit is reached, leaving significant volumes of bypassed oil in the reservoir (Fig. 6a) . Similar behavior has been observed in numerous studies of oil rim production via horizontal wells (Sinha et al. 2001; Jansen et al. 2002; Kharghoria et al. 2002; Naus et al. 2006) . Each of the three controlled production strategies yields higher oil recovery and lower water production than the uncontrolled case (Fig. 5b) . In the fixed control strategy, water breakthrough is delayed because the FCD installed in the completion closest to the heel of the well balances inflow along the well, yielding a more uniform displacement front (Fig. 6b ). In the reactive control strategies, early water breakthrough occurs at the completion closest to the heel; it is identified and the corresponding ICV either closed or choked back to reduce water production. In all three controlled production cases, the target oil rate is maintained despite choking back inflow, although the well BHP falls to compensate for the reduced productivity of the well. 
Water Cut [-]
Well water-cut [-] Total 
Well water-cut [-] Total All three controlled production strategies yield higher values of WNPV (Equation 3) compared to the uncontrolled case (Fig. 7) . The highest value of WNPV is obtained using proportional reactive control, which is the most sophisticated control strategy. The increase in WNPV is mainly due to a significant increase in oil recovery relative to the uncontrolled case, with some additional benefit from reduced water production. However, the WNPV of the least sophisticated, fixed control strategy is similar, due to a more modest increase in oil recovery, a significant decrease in water production, and lower initial costs. The on/off reactive control strategy yields the largest decrease in water production but also the lowest increase in oil recovery, so it has a lower WNPV than either the fixed or proportional control strategies.
Although the proportional control strategy yields the highest WNPV, the fixed control strategy yields the highest IREI. This is because the costs associated with installing the more sophisticated reactive control equipment are significantly higher (Table 4 ). The lowest IREI is obtained from the on/off control strategy, because this incurs significant additional installation costs (although lower than for the proportional case [ Table 4 ]) without yielding a comparable increase in WNPV. Consequently, the fixed control strategy appears to be the most attractive option. However, it should be noted that this will depend upon the value of the oil and gas produced, water handling costs, and the additional installation costs.
This simple analysis suggests that a fixed control strategy is attractive if the device can be optimally sized using a reservoir simulation model and the optimal size does not change significantly during production. The additional costs associated with installing an FCD are less than those associated with more sophisticated control options, and recovery can be improved by balancing inflow along the well and delaying the breakthrough of unwanted fluids. These findings are not surprising and are included primarily to confirm that our model predictions are in line with those of previous studies (Brekke and Lien 1994; Permadi et al. 1997; Jansen et al. 2002) . However, they are based on the assumption that there is no uncertainty associated with the reservoir description or behavior. 
Uncertainty Analysis
We now investigate the impact of uncertainty in the reservoir description on the performance of each production strategy. Two parameters are varied in the reservoir model: the width of the shale-free zone of high vertical permeability and the aquifer strength. Both of these would be difficult to characterize, especially early in field life. Three discrete values are used to describe each parameter, resulting in nine reservoir realizations, one of which is the base-case already considered (Fig. 8) .
We assume that the uncertain parameters are normally distributed, with the mean and standard deviation obtained from a reservoir characterization study (Bryant et al. 2002) . Each continuous distribution is sampled by the three discrete values, so that the mean and standard deviation of these discrete values is equal to the original mean and standard deviation (Raghuraman et al. 2003) .
The control strategies remain unchanged from the base case; we do not optimize them for each realization. The base case reservoir model (Fig. 1a) is assumed to represent the reservoir model used to optimize the control strategies, while the eight realizations around the base case are assumed to represent a range of possible reservoir behaviors which are not predicted by the model. Our aim is to determine whether simple passive and reactive control strategies can add value when the reservoir does not perform as predicted. A performance matrix is used to compare the results (Figs. 9-11) . The x-axis represents the return generated by the extra investment (IREI), while the y-axis represents the additional WNPV (or gain) generated by a given control strategy relative to the uncontrolled production case.
We find that three cases show high gains and high IREI (Fig 9) ; these cases have the widest zone of high vertical permeability and the strongest aquifer (Fig. 8) . The well NPV is increased by up to 30% compared to the uncontrolled production case, while the IREI is up to 90 BOE/BOE. Water breakthrough at the completion closest to the heel occurs earliest in these realizations, so there is a greater potential to decrease water production and increase oil recovery using an inflow control strategy. The highest gain is consistently obtained using proportional control, reflecting the dynamic updating of the ICV settings in response to downhole measurements of phase flow rates through each completion. However, fixed control consistently shows the highest IREI, reflecting the lower upfront costs associated with this much simpler technology. The on/off strategy yields the lowest gain and IREI. Low (1) Med (2) High (3) Low ( Two cases show marginal or negative gains and IREI (Fig. 10) ; these cases have a wide zone of high vertical permeability and a small aquifer, and vice-versa. Proportional control in these cases consistently yields the highest gain (c. 5 %) and IREI (c. 14 BOE/BOE), although these are much lower than in realizations with a wide high-permeability zone and a strong aquifer. However, the on/off strategy exhibits a negative gain and IREI in one case, while the fixed strategy exhibits a negative gain and IREI in the other case. In both cases, the control strategy developed using the base case reservoir model is suboptimal for the actual reservoir behavior. The fixed control strategy cannot be changed without a conventional workover.
The on/off strategy is reactive only over a relatively long time scale, because phase flow rates through each completion must be identified using zonal tests. Oil production is reduced during these tests, although the well is not shut in. Moreover, once the offending completion has been identified, the ICV is closed for six months until the well is tested again. If the inflow characteristics change during this time, the ICV settings are no longer optimal. Consequently, the on/off reactive control strategy yields a smaller increase in oil recovery compared to the proportional strategy. Moreover, because the upfront cost of installing the ICVs is still relatively high, it does not always yield a positive return on investment.
Three cases show negative gains and IREI for the fixed control strategy, but marginal or positive gains for the proportional control strategy (Fig. 11) . These cases have the narrowest zone of high permeability and the smallest aquifer. Water breakthrough still occurs earliest at the completion close to heel of the well, but the water migrates less rapidly towards the heel than in the base case model, so breakthrough occurs later than predicted. The on/off control strategy yields a mixture of marginal positive and negative gains and IREI. Low (1) Med (2) High (3) Low ( Low (1) Med (2) High (3) Low (1 Figure 11 . Increase in WNPV (gain) over the uncontrolled production case vs. return generated by extra investment for each controlled production case in reservoir realizations with a narrow zone of high permeability and weak aquifer.
The base case reservoir model was used to size the FCD installed at the heel completion in the fixed control strategy. Consequently, the fixed control strategy chokes production from this completion harder than is necessary to balance inflow along the well. This yields lower oil recovery than the uncontrolled case, although water production is also lower (e.g., Fig.  12 ). The fixed control strategy therefore yields negative returns. In contrast, the proportional control strategy reacts only when water breaks through at the completion. Production is choked back proportionately to the water cut, and although the relationship between water cut and choke size was optimized to the base case reservoir model, it still yields a sensible control response if water breakthrough occurs later (or earlier) than expected. The proportional control strategy therefore yields higher oil recovery (e.g., Fig. 12) , and marginal or positive gains and IREI. These gains are small, because inflow control yields smaller benefits as water breakthrough becomes more evenly distributed along the well (Brouwer et al. 2001; Sinha et al. 2001; Jansen et al. 2002; Kharghoria et al. 2002; Glandt 2005; Naus et al. 2006) . The on/off control strategy also yields lower oil recovery than the uncontrolled case in some production scenarios, yielding a negative return on investment. 
Discussion
Of the three controlled production strategies we have investigated, the passive strategy yields the highest return on investment if the reservoir behaves as predicted, so the control device can be sized prior to installation (Fig. 13) . There is a gain in NPV relative to the base case of uncontrolled production, which is obtained by balancing inflow between the heel and toe completions of the well to delay water breakthrough, yielding accelerated and increased oil recovery, and reduced water handling costs. This translates to a high return on investment, because of the relatively low installation cost of an FCD compared to more sophisticated control strategies. The proportional control strategy yields the highest gain in WNPV, obtained from significantly improved oil recovery (Fig. 13) . This reflects the continual updating of the ICV settings in response to data acquired downhole. However, the maximum return on investment obtained using the proportional strategy is less than that obtained using the fixed strategy, because of the significantly higher upfront costs associated with installing the more complex downhole equipment.
The fixed strategy also yields the highest return on investment if the reservoir does not behave as predicted, but water breakthrough occurs earlier than in the base case reservoir model. However, if water breakthrough occurs later than predicted, the strategy yields a negative return on investment. The proportional strategy always yields a neutral or positive return, regardless of reservoir behavior (Fig. 13) . The return is higher if breakthrough occurs earlier, because this is a favorable scenario for inflow control to yield benefit.
Although passive control yields the highest returns, it is a risky strategy if the reservoir behavior cannot be predicted with certainty. This is the case in almost all reservoir developments. A reactive control strategy provides a measure of insurance against reservoir uncertainty, because adverse changes in flow can be detected downhole and inflow changed in response. Moreover, our results suggest that the response strategy does not need to be tailored to each possible reservoir realization; as long as it provides a sensible control strategy for the base case model, it is robust over a range of reservoir uncertainty. An approach such as this is much simpler to apply in practice than model-based control strategies that incorporate reservoir uncertainty, although these will yield closer to optimal control of the well Yeten et al. 2004; Aitokhuehi and Durlofsky 2005; Sarma et al. 2005b; Naus et al. 2006) .
Our results suggest that a simple, reactive control strategy can provide insurance against reservoir uncertainty. The strategy can be optimized on a base case reservoir model, or across an ensemble of models that reflect the uncertain reservoir description. Because the reservoir will not behave exactly as predicted, the control strategy will not yield the optimal value of the chosen objective function. However, because it can react to changes in flow measured downhole, the reactive strategy is less risky than a passive strategy or active strategies driven only by reservoir model predictions. However, it should be noted that inflow control will not yield benefit in all production scenarios. It is particularly useful when the displacement front reaches the well at different times along the well length (Brouwer et al. 2001; Sinha et al. 2001; Jansen et al. 2002; Kharghoria et al. 2002; Glandt 2005; Naus et al. 2006) . A scoping study must be conducted to determine whether control is likely to yield benefit prior to installation of the well (e.g., Jansen et al. 2002; Glandt 2005; The reservoir model and associated range of uncertainty used in this study are very simple. Moreover, the costs identified in the economic analysis will not be applicable to many real developments. The actual return on investment delivered by a given control strategy will be case-dependent, so the values we present are not of direct interest. However, they demonstrate the flexible control offered by reactive strategies in the presence of reservoir uncertainty. It should also be noted that we use an overall well water-cut constraint of 25%, at which the well is shut in. In the uncontrolled production scenario, this leaves more oil in the reservoir than would be the case for a higher water-cut limit. Future studies will investigate a higher limit.
Conclusions
We investigated three strategies to control production from a horizontal well in a thin oil rim reservoir. We found that a passive control strategy using an FCD sized prior to installation yielded the highest returns on investment, but can also yield negative returns and is a risky approach if the reservoir behavior cannot be predicted with certainty. This is the case in almost all reservoir developments. However, a simple reactive control strategy, using variable ICVs adjusted in response to downhole measurements of phase flow rates, yielded a neutral or positive return regardless of reservoir behavior.
In this control strategy, the optimal feedback loop between measurement and control is specific to the production case. However, we used a feedback loop optimized on a base case reservoir model to control the ICVs in all production scenarios. This suggests that a feedback control strategy that provides a sensible control solution for the base case is likely to be robust over a range of reservoir uncertainty. However, it should be noted that a reactive control strategy using variable ICVs is not yet commercially available. Moreover, a control strategy using on/off ICVs and zonal well tests, which can be delivered by current technology, is too slow to react to changes in flow downhole to yield the same improvements in production.
Our results suggest that a simple, reactive control strategy can insure against reservoir uncertainty. The strategy can be optimized on a base case reservoir model, or across an ensemble of models that reflect the uncertain reservoir description. Because the reservoir will not behave exactly as predicted, the control strategy will not yield the optimal value of the chosen objective function. However, unlike most control techniques, it does account for reservoir uncertainty because the control decisions are not strongly model dependent. It is also much simpler to apply than model-based control strategies that do incorporate reservoir uncertainty.
Closing the loop between downhole measurements and control decisions using simple reactive strategies may be one way to make intelligent well technology more attractive to operators. Reducing the costs associated with downhole valves and sensors will also yield higher returns. Proactive (or defensive) strategies may yield benefits if they can be incorporated in a similar feedback loop. As yet, proactive control depends on the predictions of a reservoir model. However, downhole reservoir imaging techniques, which can monitor fluid flow and saturation changes at a distance from the well, may be used in a proactive feedback loop if they become more established. 
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